To provide quantitative palaeoclimate estimates based on diff erent palaeobotanical techniques for three contemporaneous Pliocene leaf fl oras, we applied the Coexistence Approach (CoA), leaf margin analysis (LMA), the Climate Leaf Analysis Multivariate Program (CLAMP) and the European Leaf Physiognomic Approach (ELPA). Furthermore, we compared recently published estimates from an additional locality with our data. Th e leaf physiognomic techniques yield lower mean annual temperatures than the CoA, which is most likely caused by taphonomic biases. Due to these potential biases we are in favour of the CoA as the most reliable method, and its palaeotemperature estimates show similar temperatures for all localities. Th ese estimates are also in good agreement with previously published data derived from other techniques for other Late Pliocene fl oras from Western and Central Europe. No longitudinal/ latitudinal temperature gradient can be observed for the sites under study.
Introduction
To understand future climatic changes and their infl uence on the environment and biodiversity it is of great importance to gain information about past climates (Haywood et al. 2008) . As the vast climatic oscillations typical of the Quaternary had already started during the Pliocene (Zachos et al. 2001; Haywood et al. 2009) , it is that period which is of special interest in understanding the transition from a global greenhouse to icehouse climate. Th e reconstruction of global scale palaeoclimate e.g., based on marine or ice records, is easier than regional palaeoclimate estimates from continental deposits because stratigraphic correlation and age determination of many continental deposits is more complicated. Th e reconstruction of climatic characteristics on continents is furthermore hampered by the patchiness of deposits containing appropriate proxies. However, the good preservation and diversity of plant macrofossils, i.e. leaves and seeds, at some sites allows for climate reconstruction in the terrestrial realm (e.g., Utescher et al. 2000; Mosbrugger et al. 2005; Uhl et al. 2007a) , thus providing information that is important for our understanding of continental palaeoclimate development, not only on a global but especially on a regional and local scale.
To evaluate the quality of palaeoclimatic estimates derived from Cenozoic leaf fl oras it is necessary to apply diff erent quantitative techniques under a wide variety of diff erent 'boundary conditions' (i.e. depositional setting, stratigraphic age, geographical source area) (e.g., Liang et al. 2003; Uhl et al. 2003 Uhl et al. , 2006 Uhl et al. , 2007a Yang et al. 2007; Teodoridis et al. 2009 ). For this purpose we have chosen the (more or less) contemporaneous Pliocene leaf fl oras of Willershausen (Lower Saxony/Germany) and Berga (Saxony-Anhalt/Germany) because the taxonomic composition of both fl oras is well known and they are both relatively diverse (Willershausen: Knobloch 1998; Knobloch & Gregor 2000; Gregor & Storch 2000; Berga: Mai & Walther 1988) . Additionally, we analysed a third fl ora (Frankfurt am Main, Hesse/ Germany [the so called 'Klärbecken Flora']) which is also believed to be almost contemporary with the former two fl oras, but which has not been revised taxonomically since the monograph by Mädler (1939) . We have chosen this particular fl ora to test the infl uence of the 'quality' of taxonomic revisions on the diff erent approaches (assuming that many determinations by Mädler (1939) are probably not valid in terms of modern taxonomy; e.g., Teodoridis et al. 2009 ). For comparison we also included previously published climate data derived from the recently revised leaf fl ora of Auenheim (Alsace/France), as the taxonomic composition of this particular fl ora is very similar to all three fl oras analysed in this study (Kvaček et al. 2008; Teodoridis et al. 2009 ).
Localities

Stratigraphy
We herein follow the formal ratifi cation recently presented by Gibbard et al. (2010) in which the base of the Pleistocene has been revised to 2.58 Ma, so that the Pleistocene now includes the Gelasian Stage.
Based on the fl oral composition of the individual fl oras, Mai & Walther (1988) assigned Willershausen and Berga to the Reuver Floral Assemblage (~Reuverian/ Piacenzian, Late Pliocene; cf. Popescu et al. 2010) , whereas Frankfurt and Auenheim were assigned to the older Brunssum Floral Assemblage by these and subsequent authors (e.g., Mai 1995) . However, based on the recent taxonomic revision of the Auenheim fl ora (a fl ora that has signifi cant similarities with the Frankfurt fl ora) an assignment to the Reuver Floral Assemblage has been suggested for Auenheim and Frankfurt (Kvaček et al. 2008; Teodoridis et al. 2009) . Th is interpretation implies that all fl oras considered in this study are of more or less the same age.
Geology and Palaeobotany
Willershausen-Th e Willershausen clay-pit, yielding an extraordinary (insect-) fauna (e.g., Straus 1967) and fl ora (e.g., Straus 1930 Straus , 1935 Knobloch 1998) , is located in the foothills of the Harz mountains in Germany (Figure 1) . Th e plant-bearing sediments were deposited in a small, fault-bounded basin that developed due to local subsurface erosion of Permian salts that intruded Mesozoic sediments (Meischner & Paul 1977 , 1982 . Based on sedimentological and palaeontological evidence, later authors reconstructed the lake as only about 200 m wide and some 10 m deep.
Previous authors (e.g., Straus 1967) assumed a Piacenzian (Late Pliocene) age for this locality; an assumption supported by the occurrence of the gomphothere Anancus arvernensis as well as Tapirus, indicating a position within the mammal zone MN 16/17 (Mai 1995) .
A recent taxonomic revision of the Willershausen fl ora has been published by Knobloch (1998) and Ferguson & Knobloch (1998) , with subsequent taxonomic additions and comments by Knobloch & Gregor (2000) and Gregor & Storch (2000) . From these works it became evident that the fl ora represents a Mixed Mesophytic forest. Th e climate of Willershausen has previously been interpreted as Cfa-type sensu Köppen (with tendency to Cfb -type) with mean annual temperature (MAT) 11-13°C, mean temperature of the coldest month (CMMT) 5-9°C, mean temperature of the warmest month (WMMT) ~ 25°C and mean annual precipitation (MAP) >1000 mm (Gregor & Storch 2000) . Due to the absence of Viscum, Ferguson & Knobloch (1998) suggested oceanic climate conditions with rather cool WMMT (13-17°C) and mild winters with CMMT above freezing point, i.e. similar to present day conditions. Annual precipitation was estimated at 800-1400 mm. Recently, MAT values derived from diff erent techniques have been presented in by Uhl et al. (2007b) (cf. Table 1) .
Berga Th is rich fl ora (>160 taxa of leaves, fruits and seeds) comes from a former clay pit near Berga in Saxony-Anhalt (Middle-Germany), about 60 km southeast of Willershausen (Figure 1) . Th e fossils have been discovered in lacustrine (?) clays and fl uviatile (?) silt-bodies that cut into the clays (Mai & Walther 1988; Steinmüller 2003) . Th e sediments were deposited in a small basin that, like Willershausen, can probably be interpreted as a sink-hole formed by subsurface dissolution of salts (Steinmüller 2003) .
Th e macrofl ora from this locality has been described in detail by Mai & Walther (1988) ; based on the composition of the fl ora and lithological comparisons these authors suggested a Late (then: Middle; cf. Gibbard et al. 2010) Pliocene age (probably Reuverian) for this fl ora. According to Mai (1995) the fl ora represents a Mixed Mesophytic forest with a tendency to a mixed oak-beech-hornbeamforest. Th e climate of Berga has previously been interpreted as Cfa-type sensu Köppen with MAT 13-14°C, CMMT 0-1°C, WMMT 24-25°C and MAP 1300-1500 mm (Mai & Walther 1988) . Recently, Uhl et al. (2007b) presented MAT values derived from diff erent quantitative techniques (cf. Table 1 ).
Frankfurt am Main
Th e so-called 'Klärbecken-Flora' originates from a sandy clay lens and was discovered during excavations for the clearing basin of the sewage treatment plant for the city of Frankfurt am Main (Figure 1 ) in the years 1885 and 1903 (Mädler 1939) . Th e monograph about this important fl ora (Mädler 1939 ) is still the most complete and recent taxonomic work on it. Undoubtedly, a systematic revision is strongly needed (Teodoridis et al. 2009 ).
According to Mai (1995) the fl ora represents a Mixed Mesophytic forest. Th e climate of Frankfurt has previously been interpreted as Cfa-type sensu Köppen (Mai 1995) . Apart from MAT values (Uhl et al. 2007b ) (cf. Table 1) we are not aware of any published reconstructions for individual palaeoclimatic parameters for this locality.
Methods
During our study we analysed the three fl oras using three widely used techniques for the reconstruction/ estimation of palaeoclimatic parameters: (i) the Coexistence Approach (CoA) (Mosbrugger & Utescher 1997) which is based on the nearest living relative (NLR) concept, (ii) leaf margin analysis (LMA) following Wolfe (1979) and Wilf (1997) , and (iii) Climate Leaf Analysis Multivariate Program (CLAMP), a multivariate technique utilising leaf physiognomy, based on a modern calibration data set covering mainly North American and East Asian sites (Wolfe 1993 (Wolfe , 1995 Wolfe & Spicer 1999) . Additionally, we applied another recently developed multivariate leaf physiognomic approach to our fl oras, which uses a calibration data set compiled from European woody angiosperms (Traiser 2004; Traiser et al. 2005 Traiser et al. , 2007 .
Because the major aim of our study is the comparison of diff erent techniques, we focused on climate parameters that can be reconstructed by more than one of the methods used here; i.e. mean annual temperature (MAT), mean temperature of the warmest month (WMMT), and mean temperature of the coldest month (CMMT), plus mean annual precipitation (MAP), a parameter that is only estimated by the CoA.
Coexistence Approach
Th e Coexistence Approach (CoA) is based on the long known NLR concept and makes use of the climatic ranges of as many as possible NLRs of an individual fossil fl ora to determine the common interval of a given climatic parameter (e.g., MAT) in which most of the supposed NLRs are in principle able to coexist. Th e resulting interval is then assumed to represent the range of this particular climatic parameter at the fossil locality. Th e advantages and disadvantages of this approach have been discussed in detail (e.g., Mosbrugger & Utescher 1997; Mosbrugger 1999; Uhl et al. 2003; Kvaček 2007) , and so far this reconstruction technique has been successfully applied in several palaeoclimatic studies based on fl oras from the Palaeogene and Neogene of Europe (e.g., Mosbrugger & Utescher 1997; Pross et al. 1998; Utescher et al. 2000; Uhl et al. 2003 Uhl et al. , 2006 Uhl et al. , 2007a Mosbrugger et al. 2005; Teodoridis et al. 2009 ), the Neogene of East Asia (e.g., Liang et al. 2003) , and the Late Cretaceous and Early Palaeogene of Antarctica (Poole et al. 2005) . Climatic parameters for individual NLRs were taken from the PALAEOFLORA database (Mosbrugger & Utescher 1997 -2009 . Th e limiting taxa for the diff erent localities and their climatic ranges are shown in Tables 2, 3 & 4, and the lists of taxa are given in Appendices 1-3.
Leaf Margin Analysis
For almost a century it has been known that in modern vegetation a direct correlation between the proportion of dicot woody species with entire margined leaves and MAT exists (Bailey & Sinnott Teodoridis et al. (2009 Teodoridis et al. ( ) 1915 Teodoridis et al. ( , 1916 . In recent decades, a number of diff erent modern calibration datasets have been developed which theoretically allow the quantitative estimation of MAT values from fossil dicot leaves (Wolfe 1979; Wilf 1997; Kowalski 2002 ). Here we use the widely used linear regression equation based on a modern dataset from mesic forests of East Asia (Wolfe 1979; Wing & Greenwood 1993) that describes the correlation between the proportion of woody species with entire-margined leaves in a fl ora (P) and the mean annual temperature (MAT):
Th e regression error of this equation is ± 0.78°C (Wing & Greenwood 1993) , but here we report the (generally larger) error due to binomial sampling as calculated by Wilf (1997;  his equation 4):
where P represents the proportion of leaf species with entire margins, r the total number of species in the fl ora, and c the constant in the regression equation (here 30.6). (Wolfe & Spicer 1999) . Although inclusion of the subalpine sites may be important for studies of Tertiary elevation changes (Povey et al. 1994; Wolfe et al. 1998 ) and high-latitude Neogene fl oras (Wolfe 1995) , the assumed frost-free conditions during the Late Pliocene of Europe (e.g., Mai 1995) suggest that the subalpine sites should be excluded from the modern calibration set for this study.
All calculations for CLAMP were performed with the soft ware-package CANOCO 4.02 for Windows and the pre-programmed spreadsheet-fi les provided by R.A. Spicer on the CLAMP web-site (http://tabitha. open.ac.uk/spicer/CLAMP/Clampset1.html).
European Leaf Physiognomic Approach
Th is method (which is still in a development stage) uses a grid-based (0.5° latitude -0.5° longitude) modern calibration dataset that currently comprises 1835 synthetic fl oras (Traiser et al. 2005) . A synthetic fl ora at a specifi c geographical coordinate is defi ned as the list of taxa that (can) occur at this particular site according to published distribution maps (Klotz 1999; Klotz et al. 2003) . Th ese synthetic fl oras have been generated by means of distribution maps of 108 woody angiosperm taxa, which have been physiognomically characterised based on fl oral manuals. Synthetic fl oras included in the actual calibration dataset are restricted to grid-cells with more than 25 taxa and an elevation between 0 and 400 m above sea-level. Details of this dataset are discussed by Traiser et al. (2005) . Physiognomic data and grid-based climatic data (from New et al. 1999) are processed with Redundancy Analysis (RDA), an alternative direct ordination technique, using CANOCO 4.02 for Windows in analogy to the CLAMP-procedure (for further details see Traiser 2004; Traiser et al. 2007) . Th is method has so far been applied to several palaeofl oras from the Palaeogene and Neogene of the Northern hemisphere (Uhl et al. 2006 (Uhl et al. , 2007a Traiser et al. 2007) .
Th e leaf physiognomic characterisation of the three fl oras used for the physiognomic approaches is given in Table 5 . For Berga and Willershausen CoA-CMMT result in a rather tight temperature range (0.6-1.7°C), which is similar to that of Auenheim (0.9-1.7°C). Frankfurt am Main is reconstructed to have a much warmer CoA-CMMT than the latter two. Th is estimate agrees with the CLAMP-CMMT, which on the other hand is in disagreement with the CoA-CMMT for Willershausen, resulting in much warmer temperatures. Th e ELPA-CMMT (1.6±2.1°C) is in accordance with the CoA-CMMT results for Willershausen, while it yields much colder temperatures for Berga -4.3±2.1°C) and signifi cantly warmer temperatures for Frankfurt am Main (6.8±2.1°C).
Results
For all localities the
Th e reconstruction of MAP is only possible for the CoA and resulted in values around 1000 mm for all localities, with a maximum of 1333 mm for Frankfurt am Main.
Discussion
In all localities, the CoA results are in good agreement, but signifi cant diff erences are found when comparing the CoA with the temperatures derived from the leaf physiognomic approaches. Th ere is a tendency for lower temperature estimates using the leaf physiognomic approaches, except for the fl ora of Frankfurt am Main. Th is might refl ect problems with the taxonomy of this fl ora, i.e. leaf morphotypes as defi ned by Mädler (1939) may not represent meaningful taxa as seen by modern taxonomy. CLAMP, especially, produces cooler temperature estimates (i.e., MAT and WMMT) than CoA. MATs derived from LMA derived show no such clear trend, but the reliability of this technique has to be questioned due to problems with taphonomic biases infl uencing the results obtained from this method (Burnham 1994; Uhl et al. 2003) . Th e phenomenon of lower palaeotemperatures derived from leaf physiognomic techniques has previously been observed for a number of localities from the European Tertiary, especially the Neogene and Late Palaeogene (e.g., Mosbrugger & Utescher 1997; Utescher et al. 2000; Uhl et al. 2003 Uhl et al. , 2006 Uhl et al. , 2007a . Th e reasons for these discrepancies are not yet fully understood. Uhl et al. (2007a) speculated that the actual correlation between climate and leaf shape may be modifi ed by either long-time evolutionary responses or fl oral changes, leading to erroneous palaeoclimate estimates when a calibration dataset is used which is not suitable for the region and time-interval under study. Diff erent authors also emphasised the leaf shape dependency on diff erent habitats (Burnham et al. 2001; . Th eir data suggest that MATs calculated from leaves derived from wet environments are underestimated compared to dry habitats. Th e datasets used for physiognomic approaches mainly incorporate dry-land sites, but most macrofossil fl oras were deposited in wet environments such as fl oodplain, swamps, lakes, and deltas (Kowalski & Dilcher 2003) . Th is is true for the sites under study and hence the leaf physiognomic approaches are prone to yield lower temperatures.
Th e CoA-MATs derived from the four Central European fl oras are more or less in good agreement with climate reconstructions for several Western European localities reconstructed by Fauquette et al. (2007) , although we cannot observe such clear latitude gradients as these authors. However, the latitude range covered by our localities is only about 3° and the maximum diff erence would thus be 1.8°C between the southernmost locality (Auenheim) and the northernmost locality (Willershausen) if we assume the same thermal gradient (0.6°C per degree in latitude) as Fauquette et al. (2007) . Such a comparably small diff erence is unfortunately beyond the thermal resolution of the methods used in this study.
Formerly, the diff erences in fl oral composition of the four localities, interpreting Willershausen and Berga as one and Frankfurt am Main and Auenheim as another group, used to be explained by climatic eff ects such as east-west gradients (Krutzsch 1988; Mai 1995) . However, following the recent taxonomic revision of the Auenheim fl ora (Kvaček et al. 2008) it has been suggested by Teodoridis et al. (2009) From what is known (Mai & Walther 1988; Mai 1995) , it has to be assumed that the fl oras are more or less contemporary, i.e. Reuverian. However, in any interpretation of the age of these fl oras it has to be acknowledged that the Reuverian covers a wide time span which allows for age diff erences on a scale which is large enough for climatic oscillations as suggested by Zagwijn & Hager (1987) . It has also to be noted that, as for almost all continental Pliocene deposits, chronological evidence is missing that would allow for clear assignment of the fl oras to (sub-)stages. Kemna & Westerhoff (2007) criticised that for the classical Neogene chronostratigraphic system relevant for Central Europe (Zagwijn 1957 (Zagwijn , 1960 (Zagwijn , 1963 (Zagwijn , 1985 quantitative changes in pollen assemblages were interpreted to present climate changes without considering that synchronous deposits can contain diff erent assemblages due to edaphic factors or preservation conditions. In their opinion, scaling up of locally defi ned zones into regionally applicable chronostratigraphic (sub-) stages causes problems when interpreting palaeoenvironmental data. Th is is underlined by Donders et al. (2007) who presented data indicating that long-distance chronostratigraphical correlations based on the original continental Neogene stages are invalid. Th us it seems problematic to verify that the four fl oras considered here are really contemporaneous, solely based on their fl oral similarities and climate data derived from the fl oral data.
Th e CMMT estimates for Frankfurt am Main have yielded, independently of the method used, warmer temperatures than the other localities. Also the annual precipitation derived from the CoA shows comparable higher values than those of all other localities. Following Haywood et al. (2000 Haywood et al. ( , 2009 , with the constraint of the rather low resolutions, there ought to be no obvious diff erence in CMMT and precipitation between the localities presented in our study. Th erefore local factors might have infl uenced these palaeoclimatic parameters, although it seems likely that these diff erences are (at least partly) due to the outdated taxonomic knowledge about this locality. Th ese results corroborate that all techniques used here are susceptible to change (over time), or diff ering (between authors) taxonomic concepts, thus complicating the comparison of palaeoclimate estimates based on fl oras from diff erent and especially older sources.
Conclusions
Th is study aimed to apply diff erent quantitative palaeobotanical techniques to derive palaeoclimate estimates from leaf fl oras. We therefore applied the Coexistence Approach and three leaf physiognomic methods. As observed in other studies, the leaf physiognomic techniques yield lower MAT estimates than the CoA, which is most likely caused by taphonomic biases. Due to these potential biases we favour the CoA as the most reliable method. Th e CoA palaeotemperature estimates point to CfA-type climate sensu Köppen, yielding similar temperatures for all localities; no longitude/latitude temperature gradient could be found for the sites under study. Independently of the method applied, Frankfurt am Main shows warmer temperatures; the causes could be local factors or, more likely, problems with the outdated taxonomy of this fl ora. 
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